An in vitro system based on extracts of Escherichia coli infected with bacteriophage T7 was used to study genetic deletions between directly repeated sequences. The frequency of deletion was highest under conditions in which the DNA was actively replicating. Deletion frequency increased markedly with the length of the direct repeat both in vitro and in vivo. When a T7 gene was interrupted by 93 bp of nonsense sequence flanked by 20-bp direct repeats, the region between the repeats was deleted in about 1 out of every 1,600 genomes during each round of replication. Very similar values were found for deletion frequency in vivo and in vitro. The deletion frequency was essentially unaffected by a recA mutation in the host. When a double-strand break was placed between the repeats, repair of this strand break was often accompanied by the deletion of the DNA between the direct repeats, suggesting that break rejoining could contribute to deletion during in vitro DNA replication.
Genetic deletions often occur between directly repeated sequences of DNA (1, 2, 5, 8) . The presence of homologous sequences from 6 to 20 bp long at the ends of deleted regions brings to mind mechanisms that cause deletion by annealing complementary regions from direct repeats on opposite ends of the deleted sequence. Various models have been proposed to account for deletion mechanisms (2, 5, 8, 11, 18, 24, 31) . Most of these can be classified into mechanisms that involve a form of copy choice during DNA synthesis (16, 17, 34, 39, 40) , recombination between the direct repeats (2, 3, 8, 10, 19, 30, 33) , or incorrect rejoining of DNA molecules which are broken as part of normal DNA metabolic activities (4, 8, 11, 18, 31, 32, 38) . Rearrangements caused by switching of subunits between gyrase molecules resident at each of the direct repeats can be included in this latter category (13) . The presence of nearby ends on DNA molecules undergoing deletion has been suggested as a common feature among these putative mechanisms (9) . Achieving a clear understanding of deletion mechanisms has been difficult because of the complexity of biological events involved and the relatively infrequent occurrence of deletion. Nonetheless, the important roles of deletion in human inherited diseases, evolution, and biotechnology, as well as the potential insight into DNA replication and recombination mechanisms that may be reached by gaining a better understanding of how deletions occur, provide strong incentives for studying deletion mechanisms. In this study, we tested whether double-strand ends can stimulate deletion between direct repeats.
We have been investigating deletions between direct repeats in bacteriophage T7 (14, 25, 26, 28, 29) . The relative simplicity of its DNA replication process (27, 36) and the abundant biochemical and genetic information regarding T7 that has already been amassed (7, 27, 35, 36) make T7 an especially interesting system with which to study deletions. We have adapted an in vitro DNA replication-packaging system that can * (215) 707-7536. produce viable T7 phage in cell-free reactions to the study of deletions (6, 14, 23) . The DNA substrate used in this system has the nonessential, but selectable, T7 ligase gene (gene 1.3) interrupted by a segment of nonsense sequence bracketed by direct repeats. Deletion between the repeats restores the correct coding sequence to gene 1.3. Thus, production of ligase-positive phage serves as a measure of deletion frequency (14, 25) . The work presented here shows that in vitro deletion frequency was very sensitive to the length of the direct repeat. We also found that repair of double-strand breaks takes place in the in vitro system and is frequently accompanied by deletion occurring between the direct repeats that flank the break site. The frequency of deletion in the vicinity of doublestrand breaks increased markedly with the length of the direct repeat.
MATERIALS AND METHODS
Strains of bacteria and phage. Escherichia coli W3110 (Supo wild type), WM295 (a derivative of W3110 with a recA56 mutation), and N2668 (Sup0 ligts7) were used in this study. Because of the temperature-sensitive mutation in E. coli ligase, the N2668 strain is unable to support the growth of ligasedeficient T7 even at permissive temperatures (30 to 320C). T7 with a wild-type ligase gene grows normally on N2668 (20, 37) . Strains of T7 were from the collection of F. W. Studier (36) .
Amber mutants of T7 include various combinations of T7 3-(am29), T7 5-(am28), and T7 6-(am147). The T7 AA mutation is a deletion that extends from the promoter of gene 1.3 (ligase) to the promoter of gene 1.5 (25) . The combinations of the AA mutation and various amber mutations were constructed by standard phage crosses (35) .
Preparation of extracts for DNA replication and packaging. Extracts for in vitro DNA replication were made as previously described (14, 23) , using a suppressor-free wild-type host (strain W3110) and T7 that had both a AA mutation and an amber mutation in gene 3. Extracts for in vitro packaging were made from W3110 infected with T7 AA 3-5-6-as previously described (15 Reaction conditions for in vitro deletion assay. Conditions for in vitro DNA synthesis have been described previously (6, 14) . Reaction mixtures (0.05 ml) typically included 1.5 nmol (nucleotide phosphorous equivalents) of T7 DNA and 0.010 ml of extract from phage-infected E. coli and were carried out for 50 min at the indicated temperature. A portion of the reaction mixture was packaged in vitro as previously described (15) . After 60 min at 320C, a 0.01-ml volume of each in vitro packaging reaction mixture was removed, diluted, and plated on W3110 to measure total phage production. The entire remainder of the packaging reaction was plated on strain N2668 to determine the number of ligase-positive phage.
Measurement of deletion frequencies. The number of ligasepositive phage that accumulate in a culture of E. coli infected with a single T7 phage was measured by introducing a single phage particle into each of several 1-ml cultures of strain W3110. Lysates were plated on strain W3110 to determine the total phage yield and on strain N2668 to determine the number that had deleted the insert. Several measurements were made, and the median value of the ratio of ligase-positive phage to total phage was used as a determinant of deletion frequency (25, 26 (14, 25, 29) .
DNA substrates for in vitro deletion assay. Deletion was studied by monitoring loss of an insert of nonsense DNA sequence, bracketed by direct repeats, from T7 gene 1.3 (25) . For convenience, we refer to the inserts by the restriction site used for insertion (i.e., "X" for XhoI), the length of the insert, and the length of the direct repeat. Thus, "X76/20" refers to an insert 76 bp long bracketed by 20-bp direct repeats placed in the XhoI site of gene 1.3 . If essentially all of the DNA introduced into the in vitro reaction were free of deletion, even a small number of molecules that deleted the genomes during the one or two cycles of DNA replication that typically occur in vitro (23) would provide a meaningful value for deletion frequency. Therefore, we made DNA substrate essentially free of prior deletions by enriching for DNA molecules that still contained the BamHI site which was unique to the insert. In this way, we removed DNA that had already deleted the insert during the in vivo growth cycles needed to prepare adequate quantities of DNA. Hybrid genomes were made by ligating together the right BamHI fragment from DNA with an X43/5 insert and the left BamHI fragment of phage DNA with a different insert (Fig. 1) . The construction of phage with the X43/11 hybrid insert has been previously described in detail (14) . To make hybrid genomes with inserts 93 bp long, T7 with 76-bp inserts bracketed by direct repeats 10, 13, 16, or 20 bp long (Fig. 2) with the X43/5 insert from intact DNA. However, because the frequency of deletion of an insert with only 5-bp direct repeats is below 10-1, contamination of the right BamHI fragment of these genomes with wild-type DNA is insignificant (14, 25) . By separating the left BamHI fragment of DNA with inserts flanked by repeats of 10 bp or longer and ligating these to the right BamHI fragments of molecules with inserts flanked by 5-bp repeats, we prepared substantial quantities of hybrid DNA molecules with a level of contamination from pseudowild-type deletants too low to affect experiments. (We refer to phage that had been ligase deficient as a result of the presence of an insert but subsequently became capable of growth on a ligts7 host as pseudo-wild type. We have previously shown [25] that the sequences of essentially all of these phage become identical to that of T7X.) Two isolates of T7 with the X93/10 insert were sequenced to verify the expected sequence in Fig.   2 . Also, DNA from eight pseudo-wild types derived from phage with the X93/10 insert was examined, and all eight samples were found to be insensitive to BamHI.
Substrates used to determine the effects of double-strand breaks on deletion. DNA substrates with double-strand breaks were made as described above except that the final ligation step was omitted. The left BamHI fragment from T7 containing an insert with 10-to 20-bp direct repeats was isolated and mixed with an equal molar concentration of the right BamHI fragment from T7 carrying an X43/5 insert with 5-bp direct repeats. The mixture was added to the in vitro reaction mixtures without incubation with T4 ligase.
Preparation of intact T7 genomes with inserts. Hybrid T7 genomes were made by ligating the left BamHI fragment of DNA molecules with the X43/11 insert and the right BamHI fragment of molecules with the X43/5 insert. To reduce contamination of the intact genomes with unligated BamHI fragments, the ligation reaction mixture was sedimented through a sucrose gradient. DNA the size of an intact T7 genome was isolated from these gradients and dialyzed to remove sucrose. Agarose gel electrophoresis showed that more than 99% of this DNA was the size of intact T7 genomes.
RESULTS
Effect of the length of the direct repeat on deletion frequency. We constructed a series of hybrid T7 genomes, each with an insert at the same site in gene 1.3. Each insert is 93 bp long and begins with a sequence that directly repeats the sequence adjacent to the other end of the insert, creating a direct repeat of 10, 13, 16, or 20 bp (Fig. 2) . The hybrid genomes were incubated in reaction mixtures with an extract made from T7 AA 3--infected E. coli, and the products of the reactions were packaged. Deletion frequency increased mark- Fig. 2 . These substrates were incubated for 50 min in reaction mixtures with an extract made from T7 AA 3-infected E. coli. In this experiment, packaging was performed with a 7:3 mixture of extract from T7 AA 3-5-6--infected cells and T7 AA 5--infected cells in order to achieve a higher packaging efficiency (6) . The deletion frequency was calculated from the ratio of the titers on strains W3110 and N2668.
edly as the length of the direct repeat went up (Table 1) . Between 13 and 20 bp, each additional 3 bp of repeat length increased the deletion frequency by about an order of magnitude. With direct repeats 20 bp long, 1 molecule out of 1,600 deleted the 93-bp insert. Ligase-deficient phage were recovered after packaging hybrid genomes with different repeat lengths, and these were used to make in vivo measurements of the frequencies of deletion of the same inserts used in the in vitro studies. Several cultures of exponentially growing wildtype E. coli were each infected with a single phage particle, and incubation was continued until lysis was complete. The resulting lysates were tested for total phage content and for pseudowild-type revertants. (Pseudo-wild-type phage are those that have become able to grow on strain N2668 after deletion of the insert.) A comparison of Tables 1 and 2 shows that data from the in vitro system are in good agreement with what was measured in vivo. Both the in vitro and in vivo frequencies of deletion of X93/10 were higher than expected when compared with our earlier studies (25, 29) and with recent studies of inserts in this size range performed by the technique used for the experiments shown in Table 2 (41) . The high deletion frequency of X93/10 may be related to the very sensitive dependence of deletion between 10-bp repeats on the separation between the repeats (29) . Our earlier studies (29) had 6.4 X 10-2 a DNA was made by using T7 with the X43/5 and X76/20 inserts previously described (14, 26) . Each type of DNA was cut with BamHI. The left BamHI fragments of the genomes with the X76/20 insert and the right BamHI fragments of the genomes containing the X43/5 insert were each isolated by using sucrose gradients as previously described (14) . The fragments were mixed together, and one portion was incubated with ligase from bacteriophage T4 (intact) or not ligated in vitro (broken). The mixture of BamHI-digested DNAs was incubated in vitro without an extract or with an extract from T7 AA 3--infected E. coli. The products of the reactions were packaged in vitro, and the numbers of plaques on strains W31 10 and N2668 were used to calculate the deletion frequency. In experiment 2, the intact DNA was sedimented through a second sucrose gradient, as described in Materials and Methods, to reduce possible contamination with unligated BamHI fragments.
shown that a deficiency in the E. coli RecA protein has little or no effect on deletion between 10-bp direct repeats in T7. Table  2 shows that a recA deficiency also does not significantly affect deletion between 20-bp direct repeats in T7. It is interesting that with 93-bp inserts and repeats of 13 bp or longer, we observed about the same deletion frequency as previously measured with 76-bp inserts having the same direct repeats (25, 29) .
Effect of double-strand breaks on in vitro deletion. Earlier studies with E. coli plasmids with double-strand breaks had shown a high occurrence of deletion when there were direct repeats on either side of the break (4). Repair of double-strand breaks can take place under reaction conditions similar to those used in the present experiments (21) . It was of interest to determine whether this repair would be accompanied by deletion when there were direct repeats on either side of the break site. The left BamHI fragment of phage with an insert bracketed by 20-bp repeats was isolated and mixed with an equal number of molecules of the right BamHI fragment of T7 with an X43/5 insert. One portion of the mixture was treated with ligase; the other portion was left unligated. After incubation in the in vitro system, the total number of phage and the number of pseudorevertants were measured. This in vitro system allows DNA molecules to replicate an average of one or two times (14, 23) . The presence of the gene 6 product in the extract used for replication increases the efficiency of the subsequent packaging step (6) . Thus, as seen in Table 3 , the DNA replication system increased the yield of viable phage from the intact DNA substrate by about an order of magnitude. However, the number of ligase-positive pseudo-wild-type phage increased from 4 to 1,230. Table 3 shows that in the complete reaction mixture (extract present), fewer phage (about 2 orders of magnitude fewer) was produced from genomes with double-strand breaks compared with what was found when intact DNA was used as the substrate. With broken DNA, the extract improved the yield of viable phage more than 500-fold, presumably reflecting repair of the breaks. About 10% of the phage produced in vitro from the DNA substrate that had a preexisting double-strand break were pseudo-wild type. Measurements like these were performed several times. It was found that with intact genomes and an X93/20 insert, 10 separate measurements gave an average deletion frequency of 9.9 X 10-4 with a standard deviation equal to 48% of that value. With a double-strand break between the repeats, the average deletion frequency after eight measurements was 4.3 X 10-2 with a standard deviation equal to 66% of that value. Effect of the length of the direct repeat on deletion involving a double-strand break If the production of intact genomes and concomitant deletion depends upon annealing between complementary sequences in the repeats on either side of the BamHI cut, the yield of pseudo-wild-type phage should be sensitive to the length of the direct repeat. To test this, we separated the left BamHI fragment from genomes that had inserts with 10-, 13-, 16-, and 20-bp repeats at the ends. A mixture of equal molar amounts of one of these left BamHI fragments and right BamHI fragments from genomes with an X43/5 insert was added directly (without ligation) to reaction mixtures with or without an extract of T7 AA 3--infected E. coli. Without extract present, the yield of phage from the BamHI fragment was much too low to permit direct measurement of the amount of preexisting pseudo-wild-type contamination. However, contamination of the restriction fragments with wild-type phage can be no higher than that of the initial preparation of DNA prior to BamHI digestion (see the footnote to Table 4 ) and in fact is at least 2 orders of magnitude lower than that because of the sucrose gradient separation step (Fig. 1) . In reaction mixtures with extract present, the yield of phage from mixed BamHI fragments was increased by 2 orders of magnitude or more (Table 4) , and some ligase-positive phage were formed even when the direct repeats were only 10 bp long. The number of pseudo-wild-type phage rises markedly as the length of direct repeat increases from 10 to 20 bp (Table 4) . When the direct repeats are 20 bp long, 1 out of 30 phage produced in the in vitro reactions is pseudo-wild type for T7 ligase. The fact that DNA molecules replicate only one or two times in this system (14, 23) provides added reassurance that the 682 pseudo-wild-type plaques found with 20-bp repeats and extract present (Table 4) arose from in vitro deletion rather than replication of intact wild- (Fig. 2) . The reduced plaque count found on strain W3110 when DNA with 20-bp repeats was used reflects the lower concentration of this DNA preparation relative to the DNA with 11-bp repeats. In the packaging step of the experiments using extracts from AA 3-6-and AA 3-5-6-, the packaging extracts from T7 AA 3-5-6--infected W3110 were supplemented by a 1/10 volume of packaging extracts from T7 AA 3-5--infected W3110 in order to add enough gene 6 product to improve the packaging efficiency. A repeat of this experiment showed essentially the same pattern.
type DNA molecules contaminating the in vitro system. When extracts were made from a host with a recA deficiency, the effect on in vitro deletion frequency was not significantly different from what was found when a wild-type host was used (Table 4) .
Deletion between direct repeats on intact T7 genomes. In view of the data presented in Table 4 , there was concern that double-strand breaks persisting after incomplete ligation might influence measurements, like those in Table 1 , that used nominally intact genomes as substrate. To test for this hybrid, genomes with an X43/11 insert were made from appropriate BamHI fragments and then sedimented through a second sucrose gradient to eliminate essentially all unligated left BamHI fragments and most remaining right BamHI fragments. We were unable to detect any residual left BamHI fragments after electrophoresis of the DNA recovered from the second sucrose gradient in the position of full-length double-stranded DNA (data not shown). Although trace amounts of the right BamHI fragment could still be detected, we estimated that at least 98% of the DNA molecules were fully intact. Intact genomes recovered from the gradient were incubated in vitro, using extracts from E. coli infected with one of four different T7 mutants. Deficiencies in gene 5 (DNA polymerase) were used to block replicative DNA synthesis (27, 36) , and deficiencies in gene 6 (5'-3' exonuclease) were used to block recombination (22) . Table 5 shows that under normal conditions (/A 3-extract), the deletion frequency with DNA enriched for intact molecules was about 1.5 X 10'. This number compares well with our previously published average value of 4.4 x 10-6 for DNA that was taken directly from the ligation reactions and not subjected to a second sedimentation (14) . If preexisting double-strand breaks were contributing substantially to the deletion frequency, elimination of most of this broken DNA should have affected our measurements of deletion frequency. The observation that deletion frequency was unchanged after the ligated BamHI fragments were further purified argues that the in vitro deletion measurements (Table 6 ). Apparently there was some exchange between the 20-bp repeat on the left BamHI fragment and the matching 20 bp in the intact genome with an insert bracketed by 5-bp repeats; however, a higher yield of pseudo-wild-type phage was found when both partner DNA molecules involved in the deletion event had double-strand breaks (Table 6 ). 
DISCUSSION
The data presented in this report show that (i) measurements with the in vitro deletion system are similar to in vivo measurements in that deletion frequency goes up exponentially as the length of the direct repeat increases; (ii) a double-strand break located between two direct repeats is repaired with relatively good efficiency, this repair is often accompanied by deletion between the direct repeats, and again deletion frequency is strongly dependent on repeat length; (iii) a recA mutation in the host has no significant effect on deletion between 20-bp direct repeats either in vivo or in vitro; (iv) deletion happens much more often when DNA is replicating; and (v) in the case of 20-bp direct repeats, intermolecular recombination contributes to the total number of deletion events. There is considerable support for the idea that free ends are a factor in deletion (8, 9) . Other investigators have shown that deletions sometimes occur near restriction cuts when plasmid DNA is introduced into bacteria (4, 8, 32) . Evidence for deletion near the site of double-strand breaks has been found in studies using extracts from human cells (12, 38) . Also, it has been proposed that breakage of DNA caused by gyrase bound at two different sites can sometimes be followed by exchange of subunits between the two enzyme molecules and elimination of the DNA between the bound sites (13) . Thus, it is likely that a break-rejoining mechanism is responsible for some deletion events seen in different biological VOL. 176, 1994 on June 20, 2017 by guest http://jb.asm.org/ Downloaded from systems. In the in vitro system that we used in this study, repair of a double-strand break located between two direct repeats on fully separated linear DNA molecules is frequently accompanied by deletion of the genetic information between the direct repeats. This does not demonstrate that a break-rejoining mechanism is responsible for in vivo deletion events in T7, but our data do argue that enzyme components capable of promoting deletion by such a mechanism exist in T7-infected E. col. Moreover, determination of deletion frequencies made with the in vitro system correlate well with what has been learned about T7 through in vivo studies, and this improves the likelihood that the relationship between double-strand breaks and deletion reported here has relevance to in vivo deletion mechanisms (14, 25, 26, 29) . A very high frequency of deletion between 20-bp direct repeats was found both in vivo and in vitro (Tables 1 to 3) . Thus, if break rejoining is responsible for a significant fraction of the deletions that take place in vivo, a break would have to occur within the 73-bp region between repeats in at least 1 molecule out of 1,600 (Table 1) . If the location of the break is random, this frequency of breakage within the insert implies that about one T7 genome out of three suffers a double-strand break somewhere along its length during each round of replication. However, it is likely that break rejoining is only one of several mechanisms by which deletion between direct repeats takes place, and collectively these account for the 10-4 to 10-3 frequency of deletion observed between 20-bp repeats. It may be that the primary role of the double-strand break is to provide an entrance point for exonucleolytic degradation so as to produce singlestranded DNA (4, 8, 9, 11, 18, 31, 32, 38) . The presence of single-stranded DNA, rather than the strand break itself, may be the major determinant in modes of deletion that depend heavily upon the repeat length.
Intermolecular recombination contributes substantially to deletion in phage T4 (33) . In T7, however, we were unable to detect mixing of genetic markers on either side of an insert after deletion between 10-bp repeats (29) . Also, in vitro studies monitoring deletion between 11-bp repeats do not show a significant frequency of deletion due to exchanges between separate DNA molecules (14) . The data presented in Table 6 suggest that intermolecular recombination is more important when 20-bp direct repeats are involved. A significant number of pseudo-wild-type phage were found when the left BamHI fragment of a genome with an insert that had 20 bp of homology was mixed with intact genomes that carried an insert bracketed by only 5 bp of homology ( Table 6 ). In that experiment, both the total number of pseudo-wild-type phage and the fraction of phage that were pseudo-wild type were smaller than what was found if both partners had a strand break (Table 6 ). This observation could result from intermolecular recombination between the 20-bp repeats in the left BamHI fragment from Ti that carry the X76/20 insert and the corresponding 20-bp sequence in the intact genomes. However, if a double-strand break promotes invasion into an intact duplex, annealing between complementary strands of the intact genome and the left BamHI restriction fragment could presumably take place anywhere along the more than 6,600 bp of homology shared by these molecules. There is no obvious reason for the preferential annealing between the 20-bp direct repeats on different molecules that must occur in order to give rise to deletion. From the length of homology alone, it seems far more likely that a recombination event promoted by the double-strand break would simply exchange part of the left BamHI fragment with the intact genome, thereby producing a molecule that is still ligase deficient. However, the data clearly show deletion events resulting from exchanges between 20-bp repeats on the BamHI fragment and the intact genome. One explanation for the data in the last line of Table 6 is that transient double-strand breaks may be occurring in the intact genomes, perhaps during replication (or recombination). Then, repeats on the resulting partial genomes could join with complementary sequences in the repeats in the left BamHI fragment and cause deletion. If this speculation is correct, strand breaks may be contributing to the overall number of deletion events during normal in vivo phage growth.
